INTRODUCTION
8-Aminolevulinic acid (ALA)' synthetase, the enzyme which catalyzes the condensation of glycine and succinylCoA to form ALA, has been accepted as a rate-limiting enzyme in heme biosynthesis (1) (2) (3) . This enzyme is inducible in the mitochondria of liver in experimental animals (4) , and is elevated in the liver of patients with hepatic porphyria (5, 6) . Properties of the enzyme have been mainly investigated in bacteria (7) (8) (9) .
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The importance of this enzyme activity in the regulation of heme synthesis has been well recognized. However, determination of its activity in human bone marrow erythroid cells has not been conducted because the activity in human erythroblasts is too low to measure by the conventional colorimetric method.
In recent years, radioisotopic methods for the measurement of ALA synthetase activity have been introduced. (10) a-ketoglutarate to succinyl-CoA may be influenced by various drugs or pathologic conditions. Although glycine is the direct precursor of ALA synthetase, its K.n is approximately 160 times higher than that of succinylCoA. Since mitochondrial fractions or cell homogenates were used as the enzyme solutions in previous methods it is also possible that succinate, a-ketoglutarate, or glycine could be metabolized into various products. Moreover, fluctuations in the activities of other metabolic pathways not related to ALA formation may influence the incorporation of these precursors into ALA. Contamination with these precursors and their metabolites during the separation of the newly formed ALA is another troublesome problem.
Irving and Elliott
In the present investigation, ALA synthetase activity in the hemolyzed particles of erythroblasts was markedly increased by sonication. Extraction of the enzyme from the sonicated particles by deoxycholate also caused [1, 4 -J*C]-succinic anhydride (10.8 mCi/mmol, 0.1 mCi/ml in benzene) was combined with 0.1 ml of CoA(10 mg/ml in water) in 2 ml of 0.1 M KHCO3 as described by Simon and Shemin (15) After 30 min of incubation at 370C, the reaction was terminated by adding 0.5 ml of 5%o trichoroacetic acid.
After the addition of 0.5 ml of 0.1 M sodium succinate, the incubation mixture was centrifuged at 3,000 g for 10 min. 2 ml of 2%o trichloroacetic acid was added to the sediment which was mixed and recentrifuged at 3,000 g for 10 min. Both supernates were combined. column, 2 X 1 cm, to remove pyridine, and then 5 ml of water was added to the column. The eluate from the Dowex 1 X 8 column was coupled with acetylacetone; i.e., to 8 ml of the eluate was added 8 ml of the solution which contained 1 part of acetylacetone and 10 parts of 1 M acetate buffer (pH 4.8 ALA dehydrase activity was not detected in the enzyme solution.
Disappearance of succinyl-CoA in the incubation mixture was followed as shown in Fig. 1 within 30 min. However, enough of this substrate was added to the incubation mixture so that it would not be the rate-limiting factor for the reaction (see Fig. 3 ). Fig. 2 shows that the radioactivity of the eluate consisted mostly (above 90%) of ["C] ALA-pyrrole. Negligible activity (below 5%) was found in the Dowex8 1 X 8 resin which was washed with 5 ml of water.
Determination of optimum substrate and cofactor concentrations. To obtain the optimum conditions for Fig. 5 . Fig. 6 shows ALA formation as a function of incubation time. From these results, the assay system described in the Methods section was designed. Table III shows the effects of MgCl2 and iodoacetamide on ALA synthetase activity. These two substances inhibited ALA synthetase activity in this enzyme solution. Omission of pyridoxal phosphate decreased the activity by approximately half.
Recovery of ALA. In order to examine the recovery of ALA, 0.05 ACi of ["C]ALA was added to the incubation mixture with 1 ml of 5% trichloroacetic acid, after which isolation was carried out as described for ALA synthetase assays. The results indicated that the recovery was above 95%.
Comparison with calorimetric method. As shown in Table II , the value of ALA synthetase activity obtained by the colorimetric method is similar to that determined by the radioisotopic method using ["C]succinyl-CoA as substrate, although optical density in colorimetric method is so low that the value of the enzyme activity obtained by this method is not considered very accurate.
Replicate analysis. ALA synthetase activity was always measured in duplicate. Differences were always within 5%. When the enzyme activity in the erythroblasts from a hematologically normal person was determined twice within 1 wk, results of two measurements did not differ significantly (below 5%).
ALA synthetase activity in the erythroblasts of primary sideroblastic anemia. Two cases of pyridoxine responsive anemia showed decreases in the enzyme activity; one showed a marked decrease, and the other a moderate decrease.
The mean value of ALA synthetase activities in erythroblasts of patients with primary sideroblastic anemia is significantly below that of normal (P < 0.001).
Addition of a, a'-dipyridyl(10' M) into the incubation mixture did not affect the enzyme activity in cells from normal subjects or patients with sideroblastic anemia.
ALA synthetase activity of iron deficiency anemia. ALA synthetase activity was measured in eight cases of 1.5
0.6 0.9 Enzyme Content (mg/tube) FIGURE 5 ALA formation as a function of enzyme content. Experimental conditions are described in Fig. 4, 90 Amol of glycine added. Enzyme content varied as indicated.
iron deficiency anemia. They all showed hypoferremia, increased iron binding capacity, and excellent response to iron treatment. Three cases showed slightly elevated activity, while five cases had normal activity (Table V) .
DISCUSSION
The colorimetric method has been sufficient to determine ALA synthetase activity in porphyric liver, in the reticulocytes of experimental animals, or in Rhodopseudomonas spheroides which contain high enzyme activity.
However, this method is not sufficient to measure the low activity in the normal liver or human bone marrow erythroid cells. This is the reason why several radioisotopic methods have been introduced, using ["C]-succinate, ["C]a-ketoglutarate, or ["C]glycine as precursors. However, the methods using these precursors have several disadvantages (see Introduction). Amol of glycine added. Incubation time varied as indicated. The presence of ring sideroblasts is one of the most important features of sideroblastic anemia. Siderotic granules in the ring sideroblasts are due to the deposition of iron in the mitochondria (19) (20) (21) where ALA synthetase exists (1) . We showed that purified ALA synthetase in the rabbit reticulocytes was inhibited by iron in the concentrations of 10-'-1O-M (14) . If reduced ALA synthetase activity is an invariable finding in sideroblastic anemia, inhibition of ALA synthetase activity by the iron accumulated in the mitochondria may be important as the pathogenesis of this anemia. However, (a) the case of primary acquired sideroblastic anemia which showed iron deficiency but developed ring sideroblasts after blood transfusion (22) , (b) the fact that the enzyme solutions used to determine ALA synthetase activity are considered free from iron because of the extraction from sonicated precipitate, and (c) the fact that addition of a, a'-dipyridyl to the incubation mixture did not affect the enzyme activity suggest that a primary decrease of ALA synthetase activity may be the cause of sideroblastic anemia.
5-Aminolevulinic Acid Synthetase Activity in Human Erythroblasts
In pyridoxine responsive anemia, administration of large amounts of pyridoxine is necessary to restore normal hemoglobin level. Considering the cases (23) that showed iron deficiency after phlebotomy but required pyridoxine to prevent anemia, inhibition of ALA synthetase activity by the accumulated iron does not seem to be the sole cause of pyridoxine responsive anemia. ALA synthetase needs pyridoxal phosphate as a cofactor (7, 14) . It is, therefore, possible that pyridoxal phosphate in erythroblasts plays some role in the synthesis or degradation of ALA synthetase in erythroblasts. Low activity of pyridoxal kinase has been suggested to explain why large amounts of pyridoxine are required to prevent anemia in patients with pyridoxine responsive anemia.
Erythroblasts of iron deficiency anemia have been shown to contain normal or slightly elevated ALA synthetase activity, although the elevation of the mean value is not significant statistically (P > 0.1). These results have not been anticipated from the report that reticulocytes of iron deficient ducks have low ALA synthetase activities as compared with normal (24) . However, in that report, ALA synthetase activity was measured by the colorimetric method using sodium citrate and glycine as substrate. This discrepancy of the result on ALA synthetase activity in erythroid cells of iron deficiency, therefore, might be due to the difference of the method used for the enzyme measurement or to species difference.
